We developed a system for quanafying the numbers of bromodeoxyuridine (BrdU)-labeled hepatocyte nuclei in rat and mouse liver with an automated image analysis system. We began by developing a protocol for BrdU staining that would provide consistently intense staining to facilitate identification of both labeled and unlabeled nuclei by image analysis. Preliminary studies detected and characterized hepatocyte nuclei and differentiated them from nonhepatocyte nuclei Using area and form h o r s . The paramwere selected to optimize disaimina tion between the two populations, selecting 90% of hepatocyte and 5% non-hepa-
Introduction
Recent interest in cell proliferation in response to chemical administration and its possible role in the development of neoplasia has led to a rapidly growing demand for assessment of cell turnover in a variety of tissues (Eldridge et al., 1991) . A widely used technique is to administer a halogenated pyrimidine, bromodeoxyuridine (BrdU), by minipump implantation and to visualize its incorporation into DNA during S-phase in histological sections with a monoclonal antibody (Weghorst et al., 1991; Hanazono et al., 1990) . Labeled and unlabeled nuclei of selected cell types are then counted by a microscopist and the percentage that have passed through S-phase calculated.
Some progress has been made in automating this process, e.g., in smooth muscle (Kuyatt et al., 1993) and in pulmonary epithelium (Bowser et al., 1993) . Work by Voss et al. (1977) indicated that automated image analysis could be used to discriminate between hepatocytes and sinusoidal cells. Unfortunately, the criteria given in their work were incomplete and were peculiar to the system used. We set out to derive parameter limits for identlfying hepatocyte nuclei and to develop a protocol for BrdU staining that would give reproducible results suitable for evaluation by an image analyzer.
' Correspondence tO: Dr. Eric B. Wheeldon, Zeneca Central Toxicology Laboratory, Alderley Park, Macclesfield, Cheshire SKlO 4TJ, UK. tocyte nuclei. Finally, we developed a program for automatic counting of BrdU-labeled hepatocyte and total hepatocyte nuclei. Results obtained from this method correlated well with data collected by a microscopist over a wide range of labeling indices. The 
Materials and Methods
Staining of Liver Sections for BrdU. Rat and mouse livers from animals treated by a variety of methods (see below) were sliced into strips 0.5 un thick, fixed in 10% neutral buffcred formalin for 24 hr, and processed through to par2ffin. Sections were cut at nominally 5 pm, floated on a waterbath at 40'C. mounted on 3-aminopropyl-methoxy-silule slides, and dried at room temperature (RT) avernight. The sections were dewwed, hydrated, and treated with 0.1% trypsin in 0.1% calcium chloride at 37'C for 60 min, followed by 1 M hydrochloric acid at 56'C for 10-40 min. Sections were stained with a mouse anti-BrdU antibody at a dilution of 1:40 and then visualized with the Suept AB Complex kit (Dako; High Wycombe, UK), using 3.3'-diaminobenzidine as the chromogen. Sections were counterstained in Maycfs hematoxylin for 3 min to visualize the unlabeled nuclei.
Differentiation of Hepatocyte and Non-hepatocyte Nuclei. Liver sections from untreated, male Alderley Park (AlpkAAPfSD) rats aged 8 weeks (n = 4) and 2 years (n = 2), and C57BLlOJ mice aged 8. 12, and 21 weeks (n = 4 per time-point) were stained as a h , using a 10-min acid hydrolysis. Nuclei of hepatocytes and non-hepatocytes were analyzed for area and shape (minimal diameterlmwimal diameter) with a Kontron Vidas 2.1 Automatic Image Analysis System (Imaging Associates; Thame, UK) attached to a Leitz Orthoplan microscope, using a x 40 objective. via a Sony XC-77CE monochrome CCD video camera.
Approximately 200 nuclei of each type were evaluated per animal to provide frequency distribution histograms for each parameter. In each randomly selected field, all the nuclei present were analyzed. From scatter diagrams of shape factor against area for each type of nudeus, a combination of these parameters was chosen to preferentially select hepatocyte nuclei. Quanatation of BrdU-labeled and Unlabeled Hepatocgte Nuclei. Using the area and shape factor limits derived above, a program was designed to select nuclei conforming to these parameters ( Figure 1 ).
Liver sections from the left lobe were prepared from 8-week-old male Alderley Park rats treated orally for 5 days with either corn oil ( 5 mllkg BW), Pnapthoflavone (100 mglkg Bw in corn oil), nafenopin (200 mglkg Bw in corn oil), saline ( 5 mllkg Bw), phenobarbital (40 mglkg Bw in saline), or pregnenolone-l6a-carbonitrile (100 mglkg BW in saline), five animals per group, and infused over the entire time course with BrdU. 15 mglml in 2 ml saline, using osmotic minipumps (Alza; Palo Alto, CA). These sections were stained as above, and BrdU-labeled hepatocyte and total hepatocyte nuclei were counted in five fields with a x 16 objective, either interactively by an experienced microscopist using a Leitz Dialux light microscope or automatically by the Kontron system. Before counting, the section was examined for histopathological changes and a representative area selected at low power, preferably away from major blood vessels. Five consecutive fields were then analyzed. The percentage of BrdU-labeled nuclei (the labeling index) was calculated for each animal by each method and the results correlated. a Automatic measurements were made using the Kontron system with the developed progrun; interactive measurements were made by a microscopist directly counting labeled and unlabeled hepatocyte nuclei. No statistically significant differences were found between the labeling indices determined automatically or interac-rive1 using Student's two-sided t-test. For the mouse, liver sections from five untreated 8-week-old animals given BrdU 15 mglml in 0.2 ml over 5 days from osmotic minipumps, were analyzed for total hepatocyte nuclei present in five fields by both the automatic and the interactive method. The microscopist counted the number of labeled cells in 10 fields; with the Kontron, a variable number of fields were analyzed until a minimum of five labeled hepatocyte nuclei were recorded.
Using the relationships:
(1) Total variance = Interanimal variance + Intraanimal variance
Number of fields
(2) Relative variance = Total variance x 100 Interanimal variance it is possible to calculate the gain in accuracy as the number of fields is increased.
Results

Staining for B r a
Maximal contrast for the labeled nuclei was obtained by floating the sections on a waterbath at 40°C after microtomy, drying the slides at room temperature, and reducing the exposure to acid hydrolysis ( Figure 2 ). The use of Mayer's hematoxylin as a nuclear counterstain enabled the detection of non-labeled hepatocyte nuclei by the image analyzer.
D z fferen tiation of Hepatocyte and Nonhepatocyte Nuclei
There was a range of nuclear areas, from 17-55 pm2, in which both hepatocyte and non-hepatocyte nuclei were included (Figure 3) .
The shape factor for hepatocyte nuclei was limited, > 0.7, whereas the range for non-hepatocyte nuclei extended from 0.3 to 0.9 (Figure 4) . In scatter diagrams, the non-hepatocyte nuclei with a high shape factor were disposed towards a low nuclear area (Figure 5 ), so that a minimal nuclear size of 25 pm2 and a minimal shape factor of 0.7 detected 90% of hepatocytes, along with 7% non- 
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Automatic measurements were made using the Kontron system with the developed program; interactive measurements were made by a microscopist directly counting labeled and unlabeled hepatocyte nuclei.
Number hepatocytes. This gave an apparent hepatocyte total that was 96% of the true hepatocyte total in 8-week-old rats (fewer non-hepatocyte nuclear profiles were present in a field than hepatocyte nuclear profiles). In 2-year-old rats, 88% hepatocyte and 9% non-hepatocyte nuclei were detected, giving an apparent value that was 95% of the true value. In mice, 90% of the hepatocyte nuclei and 5% nonhepatocyte nuclei were detected by the same parameters, giving an apparent value that was 94% of the true value. There were no significant differences over the age period examined in the criteria for discriminating hepatocyte and non-hepatocyte nuclei.
Quantitation of BrdU-labeled and Unlabeled Hepatocyte Nuclei
The labeling indices in the treated rats generated automatically by image analysis were compared with those derived interactively by the microscopist (' &able 1). A strong correlation was observed (Figure 6 ) between the two data sets, with r = 0.92, t = 15.21 (26 degrees of freedom).
The intraanimal and interanimal variances in rat labeled indices weresimilar, 20 and 15. respectively. There was only a small improvement in the relative variance in the rat labeling index after counting three fields. By contrast, in control mice many fields contained no BrdU-labeled hepatocyte nuclei, since the labeling index was very low (Table 2 ) and, therefore, more fields needed to be evaluated. It is relevant to consider the intra-and interanimal variances for the total hepatocytes per field, which were 333 and 84, respectively. In the mouse, there was little improvement in the relative variance of the total hepatocytes per field after counting five fields. The interanimal variance for the labeling index in mice was lower by the automatic method, when a fixed minimal number of labeled cells was counted, rather than the interactive method, in which a fixed number of fields was analyzed (Table 2 ).
Discussion
We have standardized a protocol for BrdU staining that produces consistent high-contrast images with low levels of nonspecific stain- ing. This has enabled us to automate the counting of both BrdUlabeled and unlabeled hepatocyte nuclei to generate labeling indices of consistent accuracy, using an image analysis program. Consistent and reproducible intensity of BrdU staining is critical if a monochrome video camera is to be used in which gray scale differences are the only indication of positivity. As has been pointed out (Kuyatt et al., 1993) , BrdU detection is much easier with a color image, since this enables the blue hematoxylin-stained nuclei to be differentiated from the brown reaction product with its high red signal. Immunocytochemical detection of BrdU has been carried out in a large number of laboratories, often with small variations of the technique to suit their particular requirements. This was particularly true with regard to the concentration of hydrochloric acid and the time and temperature at which hydrolysis was undertaken Preliminary studies indicated that heating the sections, e.g., by drying in an oven overnight or by floating the sections on a waterbath at 46°C after microtomy, decreased the intensity of staining. Although each laboratory must examine these variables in the light of its own requirements, we stress the necessity for obtaining optimum morphology and contrast for image analysis (Carter et al., 1992) .
Since the pioneering work by Voss et al. (1977) on human liver biopsy material, we are not aware of any published data characterizing hepatocyte nuclei by image analysis. These authors used 10 parameters to distinguish hepatocyte nuclei from other cell types and claimed to select 95.3% of the hepatocytes present together with 2 % non-hepatocytes. It proved impossible to repeat their results, since not all their limit values were quoted and for some others arbitrary units were used. We have reasoned that the inclusion of 90% of true hepatocyte nuclei achieved with two parameters is sufficient for generation of labeling indices in an experimental design in which a test group is compared with a control group. That this is indeed the case was shown by the strong correlation between the results obtained by the Kontron and by the microscopist. To increase the selectivity by increasing the number of discriminatory parameters would slow the analysis, with little gain in accuracy. It is interesting that the differential criteria for hepatocyte and non-hepatocyte nuclei in the two species examined were identical, despite the known ploidy differences between them. These differences were reflected only in the frequency distribution at the upper end of the hepatocyte nuclear size range. A similar argument can be used to justlfy the use of control material to select the criteria for differentiating hepatocytes and non-hepatocytes in both treated and untreated animals, since with all the treatments we have examined the average hepatocyte nuclear profile area was increased.
In the rat, the high number of labeled cells present in each field and the low intraanimal variation between fields meant that as few as three fields could have been measured with little loss of accuracy. After treatment with pregnenolone-l6a-~arbonitrile, a markedly centrilobular distribution of hepatocytes through S-phase was seen, but even in this case, three fields were sufficient. Such an assessment is possible because a field is not restricted to a single lobular region and fields are randomly selected. This strategy is feasible only when more than 5 % of hepatocytes are labeled; for lower labeling indices, more fields would obviously need to be evaluated. In the mouse, the very low number of cells going through S-phase, less than 1%. meant that altemative strategies had to be examined. We found under such circumstances that a lower standard deviation for the labeling index was obtained by determining the number of fields containing a pre-set minimal number of BrdU-labeled hepatocytes (e.g., five), rather than by counting a pre-set number of fields or. by inference, a pre-set number of hepatocyte nuclei, since this could lead to zero labeling indices. This improvement can be clearly seen in the contrast between the variances of the interactive and automatic labeling indices for untreated mice.
The results presented constitute a validation of automatic counting of BrdU-labeled hepatocytes in a protocol in which treated animals are compared with controls. We have not examined any systems in which cytotoxic damage occurs leading to infiltration of inflammatory cells. Under such circumstances, a preliminary set of measurements would need to be undertaken to ascertain whether these inflammatory cells could be distinguished from hepatocytes. Similarly, we have not examined neoplastic hepatocytes, and a similar procedure would need to be carried out before these could be confidently analyzed. The time required to perform an automated count is less than that required to perform the count interactively. The percentage gain depends on the computing power and the number of labeled cells. Two further points to consider are the reduction in tedium and eye-strain by the automated method and the procedural standardization necessitated by automation.
